With the unprecedented progresses of biomedical nanotechnology during the past few decades, conventional drug delivery systems (DDSs) have been involved into smart DDSs with stimuli-responsive characteristics. Benefiting from the response to specific internal or external triggers, those well-defined nanoplatforms can increase the drug targeting efficacy, in the meantime, reduce side effects/toxicities of payloads, which are key factors for improving patient compliance. In academic field, variety of smart DDSs have been abundantly demonstrated for various intriguing systems, such as stimuli-responsive polymeric nanoparticles, liposomes, metals/metal oxides, and exosomes. However, these nanoplatforms are lack of standardized manufacturing method, toxicity assessment experience, and clear relevance between the pre-clinical and clinical studies, resulting in the huge difficulties to obtain regulatory and ethics approval. Therefore, such relatively complex stimulus-sensitive nano-DDSs are not currently approved for clinical use. In this review, we highlight the recent advances of smart nanoplatforms for targeting drug delivery. Furthermore, the clinical translation obstacles faced by these smart nanoplatforms have been reviewed and discussed. We also present the future directions and perspectives of stimuli-sensitive DDS in clinical applications.
Introduction
To enhance their therapeutic effects and reduce the related side effects, active drug molecules should selectively accumulate in the disease area for a prolonged period with high controllability. Drug delivery refers to the approaches, formulations, technologies, and systems for transporting therapeutics in the body as needed to safely and efficiently achieve their desired therapeutic effects [1] . Conventional drug delivery systems (DDSs) are often accompanied by systemic side effects that mainly attributable to their nonspecific bio-distribution and uncontrollable drug release characteristics. To overcome these limitations, advanced controlled DDSs have been developed to achieve the release of payloads at the target sites in a spatial controlled manner. In comparison to the conventional DDSs, the smart controlled DDSs can effectively reduce the dosage frequency, while maintaining the drug concentration in targeted organs/tissues for a longer period of time. In this sense, the controlled DDSs provide broad insights and fascinating properties for decreasing drug concentration fluctuation, reducing drug toxicities and improving therapeutic efficacy.
Due to their unique nanoscale properties and specific bio-functions, various nanomaterials provide intriguing benefits and new opportunities for the smart DDSs. For example, nanoparticle-based DDSs can selectively accumulate and specifically bind to the Ivyspring International Publisher disease target with controlled release behavior. Although recent research and reviews have developed and summarized several novel aspects for nanomaterials that being used as smart drug carriers [1] [2] [3] [4] [5] [6] , few of them have been finally translated into clinics for real-world applications [7] [8] [9] . To our point of view, there are several essential components should be taken into account to ensure clinical potential for future marketing (Figure 1 ) [10] . On one hand, the design of nanomaterials as drug carriers should address the following key issues: (i) sufficient biocompatibility and biodegradability; (ii) good stability in physiological conditions; and (iii) high drug loading capacity and low toxicity. On the other hand, besides the primary requirement for safety and therapeutic efficacy, industrial scale-up for DDSs is also a prerequisite for this type of novel nanomaterials in clinical applications as shown in Figure 1 .
To date, a myriad of materials, such as polymers, lipids and inorganic materials, have been developed and served as drug carriers to control the release behavior of payloads [11] [12] [13] [14] [15] [16] , making the drugs "smart". In this review, we summarize the well-defined smart carriers, including the smart polymer carriers, liposome, organic-inorganic hybrid smart nanoparticles, exosomes, and other nanomaterials, for controlled drug release. Moreover, the clinical application potentialities of controlled drug delivery nanoplatforms, as well as the obstacles faced by those nanoplatforms in clinical translation have been reviewed and discussed.
Design rationale of smart drug delivery nanoplatforms
It is well known that drugs should ideally be released at the target sites in a controlled manner to enhance their therapeutic efficiency, meanwhile, to reduce the side effects. Inheriting from the controlled release nanoplatforms, the loaded drugs can act "smart". Since the phase transition of polyacrylamide gels was observed by Tanaka in 1978 [17] , the research on phase transition of polymeric gels was greatly boosted. Almost in the same period, thermal-sensitive liposomes was first reported for drug delivery [18] . Gradually, the stimuli-responsive biomaterials have been developed and widely used for controlled drug delivery. With the development of nanotechnology and nanomaterials, drugs can also be conjugated with different nanoparticles (see section 3.3) . By utilizing the excellent size and surface properties, the nanomaterials are acting as one of the most promising smart DDSs.
In this review, "Smart DDSs" is determined as the process that the drugs are not released before reaching target tissues/ organs (or with extremely slow rate), and only released with proper rates at the sites of action. Although the drug molecules themselves sometimes can be smart components, here we primarily discuss about smart DDSs by means of nanotechnology to carry the drug molecules. The delicate design of smart nanoplatform enables the release of payloads at specific tissues in systemic administration.
Currently, the drug-loaded nanoplatform ensures that the drug will not freely extravasate during the blood circulation, but only release at the targets where the nanocarriers accumulate by active or passive targeting strategy. These elaborately designed smart or stimuli-responsive nanoplatforms can respond to endogenous and/ or exogenous stimulus as shown in Figure 2 . The endogenous triggers such as pH variations, hormone level, enzyme concentration, small bio-molecules, glucose or redox gradient [19, 20] , which are related to the disease pathological characteristics. While the exogenous triggers, including temperature, magnetic field, ultrasound (US), light, electric pulse/ high energy radiation, can also be used to trigger or enhance the drug release at diseased areas. The rationales of different stimuli-responsive nanoplatforms will be briefly discussed as below. 
pH-responsive
Among different types of stimuli, pH is one of the most frequently used triggers for drug release [21] [22] [23] [24] . The conventional pH-responsive carriers are based on significant variation of pH values in different organs, such as stomach (pH≈ 2) and intestinal tract (pH≈ 7). For example, Eudragit S100 coated citrus pectin nanoparticles (E-CPNs) were prepared for the colon specific targeting of 5-Fluorouracil (5-FU) [25] . The designed carriers can sensitively differentiate delicate pH changes in specific disease sites, such as inflammatory, ischemic, and tumor tissues, even in different organelles, like endosomes and lysosomes. One typical example is the pH-responsive nanocarriers for solid tumor targeting [26] . The extracellular pH in normal tissue and blood is usually maintained at around 7.4. However, because of high rate of glycolysis, the mean extracellular pH values in various solid tumors are usually below 7.0 [27, 28] . The low pH in the tumor extracellular matrix can be used as a specific stimulus in controlled DDSs. Furthermore, pH difference can also be found in organelles such as in endosomes and lysosomes, in which the pH value is lower than other intracellular organelles with the pH range from 4.5 to 5.5 [21, 28] . Thus, the pH variety is the key design rationale for the development of advanced DDSs.
Although the stimulus of pH is widely used in smart DDS, it still needs to be combined with other stimuli, such as temperature, redox, to achieve extremely precise and specific release at the target sites [29] [30] [31] .
Redox-responsive
Redox responsive stimuli have gained great attention for disease therapy and widely used in intracellular DDSs [19, 32] . The redox potential in microenvironments is multivariate in different tissues, which can be exploited to design redox-sensitive delivery systems. The design and fabrication of nanoparticles responsive to Glutathione (GSH) can be a promising approach for targeting drug delivery [33] . The GSH reduction is a well-known redox system within cancer cells. On one hand, concentrations of GSH in blood and normal extracellular matrices are reported to be 2-20 μM, at the same time GSH levels within cancer cell ranges from 2 to 10 mM, which is 100-to 500-fold higher than the normal ranges [34] . Such significant difference in GSH level between cancer and normal cell has made redox responsive delivery systems to be an attractive strategy to design the DDSs for targeting specific tumor intracellular sites. On the other hand, by utilizing the high accumulation of reactive oxygen species (ROS) in some disease tissues, ROS-response DDS is also an effective mechanism to finely control the targeted drug release. It has been reported the mucosal ROS concentrations in inflammatory tissues and colon cancer were 10-to 100-fold higher than that of normal tissues [19, 35] . The exciting specificity and accuracy have been shown by the developed redox stimuli-responsive DDSs, however, it is difficult to achieve the specific redox molecular mechanism based controllability due to the complex biological environment and hetereogeniety of tumor cells.
Enzyme-responsive
Enzymes used as triggers in the design of smart DDSs have been an emerging field in recent years owing to its unique superiorities, such as substrate specificity and high selectivity under mild conditions [36] [37] [38] [39] . Since enzymes (such as glycosidases, lipase, phospoholipases or proteases) are related to almost all the biological and metabolic process, they can be exploited to achieve enzyme-mediated drug release by the bio-catalytic action at the cancer or inflammation tissues [38] . A major challenge in enzyme-responsive DDSs is to precisely control the initial response time of the systems.
Temperature-responsive
Temperature is one of the most convenient and effective factors to control the drug release compared with other stimuli [40] [41] [42] . Normally, pathophysiological conditions, such as inflammation and tumors, have higher temperatures than normal tissues [43] . Considering the temperature difference between cancer tissues and normal tissues, functionalized nanoparticles can be triggered to enhance their drug release in tumors [44, 45] . Another temperature-responsive strategy is that the tumor site could be heated by external triggers (US, magnetic field, etc.) to improve the drug release within the tumor vasculature microenvironment [34] . In general, thermo-sensitive nanocarriers are designed to retain their payloads around the physiological temperature of 37°C, and release the payloads rapidly when temperature is increased higher than 40-45°C. Towards the thermo-responsive nanoplatforms, the current challenge is to maintain the safety of the platforms without sacrificing their sensitivity to slight temperature changes [19] .
Light, magnetic, and US responsive
Light-responsive systems represent a way to trigger drug release at the desired target by external light illumination. Photo sensitive carriers can achieve the on-off drug release event because the nanostructure may open or close when stimulated by either a one-time or repeatable light irradiation [19] . However, considering the limitation of light wavelength for practical therapy, light penetration depth currently restrains the non-invasive applications for deep tissues [46] .
Magnetic stimuli may provide a non-invasive approach to temporally and spatially control of the carriers to the targets and release drugs under programmable exposure of external magnetic field [47] [48] [49] . For example, the most commonly-used core/shell magnetic nanoparticles (MNPs) exhibit a variety of unique magnetic properties. The large surface-to-volume ratio of MNPs provides abundant active sites for biomolecule conjugation, thus allowing precise design and engineering in order to gain their intended smart functions by applying a localized external magnetic field, such as long-lasting circulation in the blood stream, target specificity to lesion tissues, and therapeutic delivery. Furthermore, when these nano-scaled MNPs were encapsulated in colloidal carriers, such as micelles, liposomes, or solid nanoparticles [34, [50] [51] [52] [53] , the composite structures might become sensitive to an external magnetic field to realize multifunctional formulations for both diagnostic and therapeutic purposes [54] [55] [56] [57] [58] [59] [60] .
Recently, US has been extensively used in clinics for diagnosis and therapy due to its intrinsic tissue penetration and high safety. The development of ultrasonic sensitive nanocarriers for ultrasonography expands US techniques to be a unique and effective method to capture drug carriers and trigger drug release at the desired sites by tuning the US frequency, duty cycles and time of exposure [61] .
Other responsive systems
Apart from the above-mentioned stimuli for smart DDSs, glucose [62] [63] [64] and electro-responsive systems [65] [66] [67] [68] have also been employed to control the release of payloads within nanocarriers. Moreover, sensitivity to hybrid stimulus can further improve drug delivery accuracy. Dual stimuli-responsive DDSs are most common systems and have been investigated, such as thermo-and pHresponsive systems [69, 70] , thermo-and lightresponsive systems [71, 72] , redox-and pH--responsive systems [30, 31] , ultrasonic and magnetic responsive systems [73] [74] [75] [76] [77] .
In order to realize the smart characteristic of DDSs, a wide range of stimuli that are able to trigger the drug release at target place and expected time has been assembled in various nano-architectures. To ascertain the viability of these strategies, evidence for regulation of the response to each stimulus would be needed both in vitro and in vivo. In this review, we mainly discuss smart nanoplatforms with the most promising clinical potential in the application of stimuli-responsive DDSs. Smart DDSs for controlled drug release (e.g., polymers, liposome, organic-inorganic hybrid biomaterials and exosomes) are discussed. Although smart nanoplatforms can be widely used in several diseased, such as neoplastic diseases, diabetes, infections, cardiovascular diseases and inflammatory diseases, this review is mainly focused on carcinoma diseases for the future clinical translation of smart DDSs.
Smart nanoscale DDS

Polymeric nanoparticles
Polymers with the ability to respond to external physical or chemical stimulus are defined as smart or stimuli-responsive polymers. Half century ago, smart polymers have been utilized to control the release of biologically active cargos, which played a very important role in the research and development of nanomedicines. As introduced in previous section, various external stimuli have been reported in smart polymeric systems, including US, pH, and magnetic fields [1, 7, 16] . The physical/ chemical properties of polymers can smartly transform in responding to those stimuli. The drug release rate can be controlled by the intensity of applied stimuli to the fabricated carriers.
These smart polymer materials can be divided into two categories: single stimulus and dual-/ multi-stimuli responsive polymers [29] . Single stimulus that induces protonation, hydrolytic cleavage or (supra) molecular conformational change in the polymer nanomaterials, which can be further categorized as exogenous and/or endogenous stimulus [19] . The exogenous stimuli such as temperature, magnetic field, ionic strength, US intensity or electric pulses can trigger conformation changes due to on-off polymer chains [78] . Factors like pH, enzyme concentration, hormone level, redox gradient, and small bio-molecules are summarized as endogenous stimuli [79] . Figure 3 shows the process of using dual and multi-stimuli smart polymeric nanomaterials for controlling the drug release in solid tumors [29] . Among a variety of stimuli that have been utilized, pH, redox, enzymes, light, and temperature have recently emerged as promising triggering motif for the design of smart polymeric DDSs [20, 29, 79] . Normally, pH-responsive polymers are a class of polyelectrolytes with ionizable groups. With the change of environmental pH or the ionic composition, smart polyelectrolytes are ionized and can dramatically change their conformation for drug release. Many researches have focused on the design rationale of pH environment activated nanoparticles for smart DDSs [21, 26, 27, [80] [81] [82] . Generally, there are two strategies to control drug release from polymers in the tumor vicinity. One is that the nanocarriers can be activated to release cargos by pH variety when arriving at slightly acidic tumor sites. The other strategy is that surface charge of polymer could be positively switchable to be internalized by targeted cells, as shown in Figure 4 .
The pH-induced smart polymeric DDSs have been greatly developed in recent years, leading to controllable release at the tumor sites [83] [84] [85] . One of the typical drug controlled release system is smart pH-sensitive polymeric micelles [85] . The hydrazone bond was used to conjugate doxorubicin (DOX) with poly (styrene-co-maleic anhydride) (SMA) derivative, which was modified by adipic dihydrazide (ADH). Then disulfiram (DSF) was encapsulated into the micelles to be formed by the self-assembly of SMA-ADH-DOX (SAD) conjugate. The system was designed to treat multidrug resistance (MDR) cancer, and the result showed that the pH-sensitive DDS enabled a fast release of DSF. It could inhibit the activity of P-glycoprotein (P-gp) and rehabilitate the signaling pathways of cell apoptotic, while DOX conjugated by hydrazone bond was released with pH-dependent process. In another study, Hennink et al. reported the thermosensitive polymeric micelles as promising nanoplatform for pH-triggered drug release. The smart micelles were prepared and interfacially crosslinked via hydrazone bonds, which were rapidly de-crosslinked at pH 5.0 at 37 o C [86] . However, delivery systems triggered by pH variation solely for a faster drug release might not be sufficient, therefore surface charge switchable polymeric nanocarriers were designed to enhance tumor drug delivery, especially for drug-resistant cells or nucleic acid drugs. The charged surface transformation from negative to positive can be utilized to enhance cellular uptake in virtue of the strengthened interaction between polymer nanocarriers and cellular membrane. Wang and co-workers [87] [88] [89] [90] [91] have designed several surface charge reversal polymer nanocarriers for drug, protein and gene delivery. As shown in Figure 5 , a kind of core-shell-corona polymer carriers called PIC ⊕ NP/Pt@PPC-DA nanoparticles have been designed. Strikingly, it was able to enhance the platinum drug accumulation in response to tumor pH variation with prolonged circulation time in the blood [91] .
In addition to the polyelectrolytes, a variety of self-assembled or novel polymeric structures have been developed for controlled drug delivery, such as micelles, polymer-gels, polymer-somes, and dendritic polymers [92, 93] . Specifically, pH-sensitive polymer system was also used for tumor imaging. The novel ultra pH-sensitive (UPS) fluorescent nanoprobes were prepared by Gao's group [94, 95] . These nanoprobes were silent during the blood circulation, while strongly activated (>300-fold) in response to the acidic extracellular pH in tumors or in the neovasculature. Potentially, the UPS platform and fluorescence imaging can provide high-resolution delineation of primary and metastatic tumors to achieve complete tumor resections during surgery.
It is well noted that intracellular GSH can trigger the exchange of thiol-disulfide bond. By utilizing this property, polymers with disulfide bond can be disintegrated and the loaded drugs can be liberated rapidly from the carriers when stimulated by GSH [96] . In general, there are two methods for disulfide bonds to be used in polymer systems. One is the modification of disulfide bond on the backbone chains of polymer. The other is to use disulfide bonds as cross-linkers within the polymeric network [97] . As an example that shows in Figure 6 , disulfide bond was used as effective cross-linker during the preparation of novel redox-degradable hyperbranched polyglycerols [98] . A glycerol monomer 2-((2-(oxiran-2-ylmethoxy) ethyl) disulfanyl) ethan-1-ol (SSG) was synthesized and polymerized via ring-opening polymerization to prepare redox-responsive polyglycerols (PSSGs). There are some free low molecular weight thiols presented in serum albumin and plasma, therefore, the disulfide bonds might not be stable in blood plasma. Thus it might affect the specific response efficiency of the redox-responsive polymers.
In addition to the application in cancer treatment, redox responsive polymer systems have also been applied to diseases that associated with intestinal inflammation. Wilson and coworkers first prepared a delivery vehicle termed thioketal nanoparticles (TKNs) for small interfering RNA (siRNA) (Figure 7 ) [35] . TKNs were formulated by poly-(1,4-phenyleneacetone dimethylene thioketal) (PPADT), which was able to degrade selectively in response to ROS. This may lead to the siRNA release under the high levels ROS of intestinal inflammation after oral delivery [99] . It has been demonstrated that orally administered TKNs loaded with siRNA could diminish TNF-messenger RNA levels in the colon and protected mice from ulcerative colitis. Therefore, TKNs might provide a new approach for the treatment of numerous gastrointestinal diseases related to intestinal inflammation through oral administration. Light-responsive polymeric systems can be achieved by inducing photochromic moieties or photochemical reaction [100] . As the photochromism moieties have different absorption spectra, the reversible transition between two isomeric species will emerge. These reversible transition processes are commonly activated by the irradiation of visible or ultraviolet light, and the typical photochromic compounds used in polymeric systems include azobenzene, spiropyran, and spirooxazine [100] . As shown in Figure 8 , photodynamic therapy (PDT) is one kind of minimally invasive treatment that combines light at appropriate wavelengths with a photosensitizer (photoactive drug) to destroy target cells by producing highly toxic ROS [101] . Zheng's group fabricated novel photosensitizers through coupling the plasmonic nanoparticles with palladium-photosensitizers. This design enables the use of the same laser wavelength to stimulate both of the PDT and imaging features originated from surface-enhanced Raman scattering (SERS), which indicates potentiality for dosimetry of photosensitizer concentration and light dose through SERS monitoring [102] . Long wavelength responsive polymer system can also be used for photothermal therapy (PTT). One kind of porphysome nanovesicles used for biophotonic imaging and photothermal therapy were generated by porphyrin bilayers, and the redshifted porphysomes could further to be responsive at 760 nm [103] . Besides, organic photosensitizers of upconversion nanoparticle for biological applications were reported extensively [104] . Li and coworkers prepared original high-effective upconversion nanocapsules based on triplet-triplet annihilation (TTA) [105] , which was capable of loading both sensitizer and annihilator into BSA-dextran stabilized oil droplets. These results showed that the nanocapsules could be successfully applied to lymph node imaging in vivo of living mice.
Temperature-responsive polymer also attracts extensive attention due to the phase transition induced by alternation of external environment. Various polymers are proven to exhibit critical solubility temperature (CST) [106] , among which poly-N-isopropylacrylamide (PNIPAAm) is frequently used due to its lower critical solution temperature (LCST) at 32°C. The polymer side-chain isopropyl groups can be easily hydrated or dehydrated to induce a reversible variety of the hydrophilicity or hydrophobicity [7] .
Glucose-responsive polymers are widely explored due to their potential applications in diabetes [107] . The current treatment of diabetics to control blood glucose levels is normally realized by long-term perioral administration or daily insulin injections, which results in a poor compliance to the patients. The research of smart polymers response to glucose might hold promise for diabetics with new therapeutic regimen. Since polymers like chitosan and dextrin can be degraded by means of special enzymes secreted by bacteria, it prompts the enzyme responsive-polymer system to be hotspot [22] .
Some natural polymers can also be used as controlled biomaterial for smart drug release, such as chitosan with their blends, and cyclodextrin with their derivatives [108, 109] . All in all, polymers are the most studied and promising controlled release candidates for the clinical application. Some of them have been investigated at the preclinical status [7] . They are not only used as smart nanocarriers for DDSs, but also with great potential applications in bio-imaging and diagnosis [22] . 
Liposomes
The description of swollen phospholipid systems were first reported by Alec Bangham and colleagues in 1965 [110] . Since then, a variety of enclosed phospholipid bilayer structures consisting of single bilayers were described as "liposomes" [111] . In 1971, Gregoriadis et al. firstly used liposomes as drug delivery systems [112] . Then, with the development of new preparation technology, the large unilamellar liposomes (LUV) can be obtained by extrusion of multilamellar vesicles through polycarbonate filters. Especially, when the diameter of liposome was decreased within the scope of 100 nm or less, liposomes have been widely used as advanced DDSs in numerous clinical trials such as anti-cancer, anti-inflammatory, anti-fungal drugs, and gene medicines [113, 114] . Some liposome formulations have been approved for commercial use as shown in Table 1 . Doxil ® , the first Food and Drug Administration (FDA) approved nanomedicine delivery system is based on PEGylated liposomes [115] . Except for liposomes on the market, a number of lipidic nanoparticles are in the pipeline from concept to clinical application, which indicates that the liposomes used as drug carrier may be well-developed for clinical acceptance. Inspired by the promising clinical applications, the development of smart liposomes is now hot topic in nanomedicine, which can be easily stimulated by several triggers such as temperature, pH gradients, enzymes changes, US and light, etc. [116, 117] . These novel smarter liposome delivery systems may exhibit better potentiality in future clinical application.
Though various stimuli can be used as a trigger to control drug release of liposomes, temperature stimuli might be an important trigger from the point of safety and facility [126, 127] . As a smart drug carrier system, ThermoDox, temperature-sensitive DOX liposomes developed by the company Celsion may be the closest formulation to the clinic so far. Taking advantage of the dipalmitoylphosphatidylcholine (DPPC) lipid crystallization melting temperature at 41.5°C, the doxorubicin can be released from ThermoDox at this temperature [126] . Radiofrequency ablation (RFA) was also used to activate DOX release from ThermoDox. The liver cancer-targeted ThermoDox DDS showed an improved safety profile compared to free doxorubicin in a Phase I clinical trial. Although the results of Phase III clinical trials with ThermoDox were not completely satisfied because the life span after treatment by ThermoDox failed to reach the threshold of 33% [19] , the strategy of temperature-sensitive liposomes provide a promising clinical future for the smart DDS. To improve the control of drug release in response to mild heating, thermosensitive polymers were used to modify liposomes to produce temperature-sensitive polymeric liposomes. A typical example of ultra-temperature-sensitive liposomes based on thermosensitive block copolymer has been developed by Kono's group. The synthesized poly [2-(2-ethoxy) ethoxyethyl vinyl ether (EOEOVE)] as shown in Figure 9 is a promising biomaterial for the construction of temperature-sensitive liposomes. The poly (EOEOVE) modified liposomes showed an even higher sensitivity to temperature than poly (N-isopropylacrylamide), which can further enhance the tumor-selectivity and therapy effectiveness of payloads.
The fabrication of liposome complex further prompts the development of smart liposomes. For example, after being loaded with MNPs and exposed under a magnetic field, the magnetic liposomes were endowed with multifunctional properties such as vessel effect, surface effect, biocompatibility, targeting effect and easy recovery property. Plank and coworkers designed a kind of folate receptor targeted magnetic liposomes. Under the external magnetic field exposure, magnetic hyperthermia-triggered the drug release and localized high concentration in tumor tissues, resulting in great improvement of the anticancer efficacy [128] .
Other recent advances in smart liposomes include the use of low pH environment for pH-triggered approaches [129] [130] [131] [132] , the use of enzyme as a trigger in enzyme-sensitive liposomes [133, 134] and US responsive liposomes [135] [136] [137] . Besides, light as a stimulus has been widely investigated in photosensitive liposomes [138] [139] [140] . Moreover, liposomes can be a platform for co-delivery of magnetic resonance imaging (MRI) agents and therapeutic drugs [141] [142] [143] . As an important smart drug carrier, stimuli-sensitive liposomes represent a pathway towards the design of nanocarriers with significantly improved efficacy. Although successful in vivo applications of these systems still remain a challenge, it is believed that more clinical products based on smart liposomal platform will come to the fore in the near future.
Organic-inorganic hybrid smart nanoparticles
Organic-inorganic hybrid smart biomaterials refer to the materials combined with the characteristics of organic and inorganic materials, which can respond to stimuli after hybridization. The hybridization materials can be constructed by connecting organic or polymer molecules with nano-metal particles or nano-oxides like silica and titanium dioxide [144, 145] . Mesoporous silica materials as smart DDSs have attracted extensive attention in the past decade [145] [146] [147] [148] . In addition, gold nanoparticles (AuNPs) have widely been explored for photothermal therapy (PTT) in the biomedical field [149] [150] [151] [152] [153] [154] . Their specific surface chemistry with facile functional modification provides the hybridization with more possibilities [145] . Besides, upconversion nanoparticles [155, 156] , magnetic-sensitive nanocrystals in liposomes [157, 158] , US-responsive liposome with perfluorocarbon bubbles [159] and photoacoustic nanoparticles [160] can also be used as hybrid smart nano-DDSs for controlled drug release.
Although mesoporous silica nanoparticles (MSNPs) possess a large loading capacity, the loaded drugs are always easily released immediately after administration. Similar with conventional therapy methods, this may definitely lead to lower therapeutic efficacy and severe side-effects due to the off-target effect. In order to minimize the premature release of the payloads before reaching the target site, different organic molecules or polymers have been used as smart gatekeepers on the pore outlets to prevent the drugs from leaking out the carriers until the carrier is exposed to internal or external stimuli [161] . The outer layer can be operated by the stimuli, such as pH, temperature, photo irradiation, redox potential, electromagnetic fields, and biomolecules ( Figure 10 ) [162] , which may adjust the drug release speed from the pores of MSNPs. The strategy of modifying MSNPs with organic molecules to be smart is analogous to smart polymers. The first enzyme-sensitive cap on MSNPs was described in 2008 [163] . The MSNPs was functionalized by cyclodextrin (CD) torus with a PEG thread and connected by an enzyme cleavable site. The drug was released when the enzyme-responsive bond was cleaved in the presence of esterase. Mondragón et al. [164] prepared two novel MSNPs hybrid with poly-L-lysine outer surface systems in two different anchoring strategies. One strategy was to utilize the formation of urea bonds, while another one was focus on attachment by amide bonds. Almost no cargo has been released in water for both nanoparticles. After introducing proteases into the release medium, a notable payload released because poly-L-lysine cap on the surface smartly enzyme responded to the enzyme in a controlled manner. Other organic constituents have also been used to modify inorganic compounds to fabricate smart hybrid materials, such as polypeptides, polyesters and polysaccharides [165, 166] . They can act as capping agents after grafting them to the entrance of the pores of MSNPs, and cargos will be released till the existence of protease, esterase, galactosidase and so on [161] . Compared with other inorganic nanoparticles, although MSNPs served as organic-inorganic hybrid smart DDS and shows superior biocompatibility, the pharmacokinetics and pharmacodynamics of MSNPs should be further evaluated. Gold nanoparticles (AuNPs) such as nanoshells, nanocages, nanorods, or composite nanostructures have been widely developed as PTT agents [154, [167] [168] [169] . However, as inorganic nanomaterials, AuNPs are not biodegradable and gradually accumulate in the body after systemic administration. Such problem may be solved by surface modification of the organic functional groups. Kojima and coworkers have prepared various liposomes complexes with AuNPs. Results reveal that the liposomes promote the formation of stable dispersions of AuNPs under isotonic conditions [170] . Poly(ethylene glycol) (PEG)-attached poly(amidoamine) (PAMAM) dendrimers were also used to encapsulated AuNPs for PTT, and the result demonstrated that these dendrimers with AuNPs exhibited strong cytotoxicity against human cervical cancer (HeLa) cells under visible light irradiation [171] . Wang's group developed a novel drug delivery system that tethers DOX modified onto the surface of AuNPs (DOX-Hyd@AuNPs) with a PEG spacer via an acid-labile linkage, which was proved to overcome multidrug resistance (MDR) in cancer cells. This strategy presents an effective way to overcome MDR in cancer cells, meanwhile probing the intracellular microenvironment to realize the controlled drug release characterisitcs [153] .
Since magnetic nanoparticles (MNPs) can be manipulated under the influence of an external alternating magnetic field (AMF), they have been utilized in numerous applications related to drug and gene delivery, diagnostics and therapeutics. When MNPs are elaborately assembled with other multiple triggers, the magnetic composites can be developed as synergistic or sequential drug delivery systems to significantly increase delivery efficacy and reduce side effects. For example, when superparamagnetic iron oxide (SPIO) Fe3O4 nanoparticles were embedded into the shell of microbubbles, the SPIO-inclusion microbubbles can be used not only as ultrasound and magnetic resonance dual imaging contrast agents, but also can be manipulated instantaneously by the moderate US irradiation. By external ultrasonic controlling, nanoparticles can be delivered into targeted cells noninvasively and effectively [75, 172] . Furthermore, polymeric double-layer shelled microspheres doped with both SPIO Fe3O4 nanoparticles and L-arginine can be smartly controlled by external magnetic force. Under magnetic field exposure, the encapsulated Fe 3 O 4 nanoparticles in the shell induce a change between " open" and "closed" states to allow the exchange of the arginine solution inside and H 2 O 2 solution outside the microcontainers. As shown in Figure 11 , once the arginine contacts with H 2 O 2 , NO gas can be continuously generated in the microcontainers. The microcontainers can thus be viewed as smart "microreactors" for synthesis of the interior NO gas [73, 173] for US imaging and NO agents related disease therapy. Figure 11 . Schematic illustration of microvesicles encapsulated magnetic nanoparticles and glucose oxidase for dual-stimuli responsive programmable delivery system. The encapsulated glucose-specific enzyme firstly catalyzes glucose into gluconic acid and H2O2. The subsequent alternating magnetic field increases the porosity of the polymer shell, leading to the reaction between H2O2 and L-arginine to produce nitric oxides. Reproduced with permission from reference [73] .
Another important biomedical application of hybrid MNPs is in the field of theranostics. It is well known that the SPIO can be used as T 1 or T 2 contrast agent for magnetic resonance imaging (MRI). At the same time, SPIO can be fabricated as carrier to load anticancer drugs to the target sites by external magnetic field control. Both the release of chemical drug and the hyperthermia of SPIO triggered by the external magnetic field are beneficial for tumor therapy [50] . As mentioned above, one strategy of smart SPIO-based nanomaterials for theranostics is a combination of MRI and hyperthermic therapy. However, challenges are still ahead to increase both the imaging and therapy efficiency in one single SPIO platform. Xie et al. [55] successfully developed an effective magnetic nanocrystals (MNCs)-mediated theranostics strategy by using MRI and AMF in hyperthermic therapy. The PEGylated Mn-Zn ferrite nanocrystals showed excellent performance in the magnetism, relaxivity coefficient, and specific absorptionrate (SAR) value ( Figure 12 ). Real time MRI monitoring by AMF indicated the effective suppress of the tumor growth. Moreover, the MRI monitoring guided smart magnetic DDSs can realize the accurate long-lasting tumor hyperthermia. Despite of its the fast progress, the hybrid smart nano-DDS in all-in-one strategy still has some aspects to be improved, such as the intrinsic low sensitivity, 
Exosomes
Exosomes are nano-sized membrane vesicles secreted by special cells related tissues or cells when responding to the endogenous or exogenous stimuli. The application of exosome is rapidly developed in recent years as one kind of biomaterials for drug delivery. For example, exosomes can be directed to specific tissues, while maintaining their biological functions [174] [175] [176] [177] [178] . As important mediators of intercellular communication and regulators of the cellular niche, exosomes appear to play an important role in many disease processes, most notably cancers and inflammation. Many features suggest that the exosomes are ideal drug delivery vehicles. Firstly, exosomes can load with specific drugs to serve as carriers for personalized medicine. Since exosomes released from various types of host cells, they show different biological effects and targeting specificities. Secondly, exosomes are well biocompatible with the lowest cytotoxicity. For instance, Batrakova and coworkers have developed a novel exosome-based delivery system as catalase-loaded exosomes (exoCAT) to treat Parkinson's disease (PD) [179] . Exosomes reformed upon sonication and extrusion, or permeabilization with saponin resulted in high loading efficiency, sustained release, and catalase preservation against proteases degradation. Thus, it can serve as a versatile strategy to treat inflammatory and neurodegenerative disorders. Exosomes can also be used to deliver chemotherapeutics such as DOX to tumor tissues. Nie's group has utilized the mouse immature dendritic cells (imDCs) to produce exosome, then the exosomal membrane protein (Lamp2b) fused to αv integrin-specific iRGD peptide (CRGDKGPDC) and DOX were loaded into purified exosomes from imDCs via electroporation [180] . iRGD exosomes have demonstrated highly efficient targeting. The growth of tumor was well inhibited without overt toxicity, which could be a promising strategy for clinical applications.
In a nutshell, exosomes may serve as a promising candidate for smart drug delivery nanocarrier due to non-cytotoxic effect, nature targeting characteristics, and a high drug loading capacity. However, as an emerging area, the application of exosomes as DDS has not been largely explored and there are still many challenges ahead. One of the major challenges is to maintain their biological properties during the therapeutics loading process. Although the large-scale production of exosomes can be gained by the oncogenic immortalization of human stem cells [181] , it is still need to achieve large-scale production with ideal reproducibility from the appropriate type of exosomes. Moreover, main challenges for current research on exosomes are data collection and classification, as well as the establishment of related evaluation and test methods, which are key issues need to be addressed for clinical application.
What are the obstacles for smart nanoplatform in potential clinical applications?
A great number of smart DDSs have been developed over the last decades [8, 182, 183] . Until now, some nanocarriers have been approved in clinic, including liposomes, nano-suspension, polymer nanoparticles, nanocapsule, micelles, etc. For instance, the typical nanomedicines that approved for clinical applications are, Doxil (Liposomal DOX), Lipusu (Liposomal PTX), and Abraxane (Nanoparticulate albumin/PTX), to name a few [184] . Visudyne, as a nanomedicine for photodynamics therapy, was the only nanomedicine with stimuli-responsive nanoplatform concept approved by Food and Drug Administration (FDA). However, other stimuli-responsive DDSs are still at clinical stage, as shown in Table 2 . These approved formulations have been adequately evaluated and deeply optimized over the years. One significant characteristic of these promising clinical nanocarriers relies on the simple formulations. Contradictory, in order to obtain smart properties, most of developed smart DDSs were designed with sophisticated structures and formulations, which is difficult to scale up for industrial production. Therefore, the design simplicity is still one of the key points for successful drug carrier translation in these smart carriers. Besides, an extremely large numbers of optimizations and improvements experiments are needed for the translation of each stimulus from preclinical experimental models to routine clinical practice. Especially, endogenous triggers (such as pH gradient, enzyme concentration) are indeed difficult to control because the tremendous variation from one patient to another. Although exogenous stimuli responsive systems are much easier to be controlled and is much more promising for clinic, major improvements would be required to solve problems related to normal tissue damage and tissue-penetration depth [19] . A clinically useful formulation should possess the properties of reproducibility, scale up possibility, and verifiability. Accordingly, more attentions should be paid to the development of advanced approaches that can precisely control over the preparation process, for the purpose of generating nanocarriers with required features, high batch-to-batch reproducibility, and industrial scale-up feasibility. The standard production methods and stimuli dosage control may finally accelerate the translation of smart drugs from the bench to the bedside.
Difficulties in the translation of sugar-coating nanoplatform into clinical products
Although several excellent review articles are available [3, [7] [8] [9] 162] , to our point of view, there are still lots of obstacles ahead for smart drug delivery systems from bench to bed. Fundamental research has been extensively explored on "clinical prospects", but some of them might never enter into clinic. The possible obstacles have been described as below:
Firstly, "quality by design" (QBD) means a kind of scientific, risk based, and active drug development method, and the design run throughout from the concept of product to industrialization. QBD has been a consensus in drug manufacturing, which is also useful for the development of smart DDSs. Many of the nanotherapeutics are administered by intravenous injection. Despite of their potential for increasing the half-life of drugs, the nanocarriers face a series of complex biological barriers that greatly limit the site-specific targeting. Most of nanoplatforms will not succeed in clinics if the biological barriers faced by the nanoparticles are not conquered [184] . Biological barriers such as opsonization, the mononuclear phagocyte system (MPS), the high intratumoral pressure, cellular internalization, escaping from endosomal and lysosomal compartments as well as drug efflux pumps will not only hinder the accumulation of nanocarriers at target sites, but also limit the therapeutic outcomes [190] . In addition to the [188, 189] substantial challenges demonstrated by each individual biological barrier, other factors such as administration routes, disease types, and disease progression should also be considered in the design of smart DDS because these barriers vary in complexity in vivo. Secondly, the principles of pharmaceutical development are safety, effective, quality controllability, and patient compliance. The safety issues as well as toxicity are still priority needs to be fulfilled by the smart DDSs. There are many issues need to be addressed, including the safety of the nanomaterials, their biodegradability and their metabolites. For potential new drug candidates, the safety tests including biocompatibility, acute toxicity, subacute toxicity, carcinogenicity, developmental toxicity, immunotoxicology, genotoxicity, and irritation studies to blood vessel are required. The pharmacodynamics and pharmacokinetics involved in the absorption, distribution, metabolism, excretion (ADME) process should also be well studied. Unfortunately, there are limited publications of such studies on the orally administrated nanoscale DDSs, and current research is much more focused on "smart" instead of "basics". Moreover, compared with conventional DDS, stimuli-responsive DDSs maybe more prone to inter-subject variability in their performance, thus raising issues with reproducibility in safety/ efficacy. Researchers also need to pay more attention and energy to this topic from the market point of view.
Thirdly, major issues for clinical translation of nanomedicine include industrial scale-up validation, batch-to-batch reproducibility, as well as controllability of nanomaterials' physicochemical properties. Verification of the methodology should be confirmed for the novel smart nano-DDS, such as linearity, stability, specificity, precision, repeatability. Thus, reproducibility and product analysis are key obstacles for a Good Manufacturing Practice (GMP)-compliant, industrial scale-up production of smart DDSs. In summary, all these issues challenge the clinical applications of stimulus-sensitive DDSs. These issues for smart DDSs must be solved to ensure the successful clinical translation.
Finally, in order to make a real impact for nanotechnology to be integrated with pharmaceutical industry, it is necessary to formulate a clear regulatory framework to approve new nanomedicine products. Though a number of nanomedicines have been approved by the FDA and European Medicines Agency (EMA), frameworks for the regulation of nano-enabled medical products acceptable for pharmaceutical and medical-device companies and public are not available yet [191] . The guidance be named "Considering Whether an FDA-Regulated Product Involves the Application of Nanotechnology" was released by FDA in 2014, which is the only official regulation that can be referenced for nanomedicine industry. Despite the scope of nanomaterials are defined in the guidance, which is far from sufficient for nano-pharmaceutical industry [192] . Regulations are not only essential for defining concept of nanomedicine products, but also significant for the characterization of nanomedicine and quality control, as well as clinical trials and the approval process. In the same way, standardized methods will accelerate the research and translation of smart DDSs. Although the National Cancer Institute (NCI) and FDA have done a lot of work on standardization of nanomedicine characterizations and analyses, there are still a long way to create standardized definitions and protocols to characterize nanomedicines for clinics.
Current limitations between small animal evaluation and clinical effect of nanoplatforms
Animal research is an indispensable part in preclinical studies. The appropriate animal models are of great importance for in vivo therapeutic evaluation of drugs. The complexity of nanomaterials places higher demands on animal models, especially for smart DDSs. Though there are tremendous amount of publications about advanced DDSs, little has been published on the relevance of safety and efficacy evaluation of smart DDSs in animals to be predictive clinical effect in humans [8, 193] . Small animal models, like mouse, rats and rabbits, are indispensable tools for understanding the molecular basis and pathology of diseases. Nevertheless, current animal models fail to accurately reproduce human diseases because of inbreeding. Each human being is unique, therefore, the diversity and complexity of the disease have been created. Accordingly, mouse models of various diseases need fully consider their complexity by bringing in population diversity into disease modelling rather than relying on inbred strains of laboratory animals [194, 195] . Furthermore, to make the results of animal evaluation of nanoplatforms be valuable for the clinical research, the following points must be considered. At first, a specific disease should be evaluated on different animal species. A single model usually cannot reflect the complexity species of patient population. The animal models evaluation standards of different diseases must be established. Second, a full assessment should be done with drug dosage and administration to ensure a good relativity among the in vitro experiments, animal evaluation and human trials. Last but not the least, for the advanced DDSs, it is reasonable to develop the effective evaluation strategies for a good appreciation of toxicology, pharmacokinetics and pharmacodynamics based on animal models.
Conclusion and perspective
With the development of material science, pharmaceutical sciences and biomedical science, various controlled releasing nanomaterials will be used for smart DDSs in the future. Although smart nano-DDSs have shown to be much more efficient in both diagnosis and therapy, potential druggability still needs to be evaluated before the smart DDSs reach to clinics. It will be an enormous challenge for researchers to improve preclinical research of advanced DDSs to reproducible and translatable production to clinical-trial success. Nevertheless, it is must be kept in mind that patients treatments are the ultimate purpose of all our efforts. Future work about smart DDSs for controlled drug delivery should be focused on the study of clinical translation to ensure more stimulus-sensitive nanomedicine to be clinically utilized.
